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METHOD OF OPERATING A FUEL SYSTEM thus without implying a relevant increase of the costs . An 
OF AN INTERNAL COMBUSTION ENGINE embodiment of the solution provides the following method 

of operating an internal combustion engine . A fuel injector 
TECHNICAL FIELD of the internal combustion engine is commanded to inject a 

5 fuel requested quantity . The fuel requested quantity is 
The present disclosure pertains to a method of operating adjusted by closed - loop controlling an engine speed to 

an internal combustion engine , especially an internal com match a target value thereof . A value of a first parameter 
bustion engine of a motor vehicle . indicative of an amount of electrical energy supplied to an 

electric battery is measured by an electric generator coupled 
BACKGROUND 10 to the internal combustion engine . A value of a voltage 

generated by the electric battery is measured . A value of the 
It is known that an internal combustion engine , for engine speed is measured . A reference value of the fuel 

example a Diesel engine , includes at least one fuel injector requested quantity is calculated on the basis of the voltage 
provided for injecting metered quantity of fuel into a cor - value , the engine speed value and the value of the first 
responding engine cylinder . The fuel injector is controlled 15 parameter . A difference between a value of the adjusted fuel 
by an electronic control module ( ECM ) which is generally requested quantity and the reference value is calculated . The 
configured to determine a fuel requested quantity that should calculated difference is used to control the operation of the 
be injected into the engine cylinder and to command the fuel internal combustion engine . 
injector to inject said fuel requested quantity . However , In particular , the aforementioned first parameter may be a 
production spread and tolerances have the effect that the 20 duty - cycle of a PWM signal , usually referred as to L - ter 
quantity of fuel actually injected by the fuel injector is minal signal , which is generated by the ECM to control the 
generally different from the fuel requested quantity and this operation of the electric generator and which represents an 
difference may have a relevant impact especially when a amount of energy that the electric generator has to supply to 
small fuel quantity is concerned ( e . g . a pilot injection ) , the electric battery in order to charge it . Since the measure 
thereby increasing pollutant emissions , combustion noises 25 ments of the voltage value , of the engine speed value and of 
and vibrations . the value of the first parameter are OBD - II compliant , the 

In order to guarantee that the fuel injector is able to effect of this solution is that the calculation of the reference 
actually inject small fuel quantities that correspond to the value of the fuel requested quantity becomes OBD - II com 
requested fuel quantities with sufficient accuracy , a learning pliant , without changing the hardware and / or the software 
procedure is usually carried out at the end of the production 30 involved in the diagnostic protocols of the F - terminal signal . 
line of the internal combustion engine and / or after any As a direct consequence , the entire learning procedure ( i . e . 
replacement of the fuel injector . This learning procedure the calculation of the difference between the actual value of 
generally provides for the ECM to adjust the fuel requested the fuel requested quantity and the reference value thereof ) 
quantity by controlling the engine speed ( i . e . the rotational becomes reliable and robust enough to guarantee that the 
speed of the internal combustion engine ) in a closed - loop 35 pollutant emissions of the internal combustion engine , the 
control . so that the engine speed matches a target value combustion noises and vibrations can be efficiently reduced . 
thereof ( e . g . the idle speed ) . According to an aspect of this solution , the method may 
While the internal combustion engine is operating in this stion engine is operating in this include setting a target value of a second parameter indica 

way , the ECM calculates a reference value of the fuel tive of an amount of mechanical energy supplied by the 
requested quantity that corresponds to the fuel quantity that 40 internal combustion engine to the electric generator . The first 
would be requested from a nominal fuel injector in order to parameter is set by closed - loop controlling the second 
bring and keep the engine speed at the target value . This parameter to match the target value thereof . The target value 
reference value is subtracted from the value of the fuel of the second parameter is used for the calculation of the 
request quantity under which the fuel injector is actually reference value of the fuel requested quantity . In particular , 
commanded by the closed - loop control and such difference 45 the aforementioned second parameter may be the duty - cycle 
is memorized to correct the values of the fuel requested of the F - terminal PWM signal . The effect of this aspect is 
quantity during the normal operation of the internal com that of improving the accuracy of the reference value of the 
bustion engine . fuel requested quantity which is involved in the learning 

The calculation of the aforementioned reference value of procedure . 
the fuel requested quantity is conventionally carried out on 50 According to another aspect of the method , the calcula 
the basis of a PWM signal , usually referred as to F - terminal tion of the reference value of the fuel requested quantity may 
signal , which is generated by an electric generator ( e . g . an include estimating a value of the second parameter on the 
alternator ) coupled to the internal combustion engine and basis of the voltage value , the engine speed value , the value 
whose duty - cycle represents an amount of mechanical of the first parameter and the target value of the second 
energy that the internal combustion engine is supplying to 55 parameter . The reference value of the fuel requested quantity 
said electric generator in order to charge an electric battery . is determined on the basis of the estimated value of the 
However , the F - terminal signal does not comply with the second parameter . Thanks to this aspect , the determination 
severe diagnostic protocols required by the OBD - II stan of the reference value of the fuel requested quantity may be 
dards , so that the entire learning strategy is not OBD - II performed according to the conventional strategies based on 
compliant . 60 the F - terminal signal , so that the proposed method may be 

implemented without significantly changing the global logic 
SUMMARY of the learning procedure . 

According to another aspect of the method , the estimation 
The present disclosure is that of providing a solution for of the value of the second parameter may include a calcu 

making the learning strategy OBD - II compliant , without 65 lation of the value FDC of the second parameter with the 
modifying the hardware and the software involved in the following equation : 
current diagnostic protocols of the F - terminal signal and FDC est = { LDC - k? + Vk2 ) . kz 
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on . 

wherein : internal combustion engine . The electronic control module 
LDC is the value of the first parameter ; is operable with various vehicle sensors to measure a value 
V is the voltage value ; of a voltage generated by the electric battery and a value of 
ky and k2 are numeric coefficients determined on the basis the engine speed . The engine control module is also con 

of the target value of the second parameter ; and 5 figured to calculate a reference value of the fuel requested 
kz is a numeric coefficient determined on the basis of the quantity on the basis of the voltage value , the engine speed 

target value of the second parameter and the engine value and the value of the first parameter , calculate a 
speed value . difference between a value of the adjusted fuel requested 

This aspect provides a reliable solution for calculating the quantity and the reference value , and use the calculated 
10 difference to control the operation of the internal combustion value of the second parameter without a too much compu engine . This embodiment achieves basically the same effects tational effort . of the method above , in particular that of making the According to an aspect of the solution , the method may learning procedure OBD - II compliant , without changing the 

include generating a failure signal , if a difference between hardware and / or the software involved in the diagnostic 
the estimated value of the second parameter and the target target 15 protocols of the F - terminal signal . 
value thereof is larger than a predetermined threshold value . According to an aspect of this solution , the electronic 
This aspect has the effect of signaling that something went control module may be configured to set a target value of a 
wrong with the estimation , so that this information may be second parameter indicative of an amount of mechanical 
used to abort the learning procedure or to prevent that clearly energy supplied by the internal combustion engine to the 
unreliable results of the learning procedure can be subse - 20 electric generator , adjust the first parameter by closed - loop 
quently used to control the operation of the internal com - controlling the second parameter to match the target value 
bustion engine . thereof , and use the target value of the second parameter for 

According to another aspect of the method , the setting of the calculation of the reference value of the fuel requested 
the target value of the second parameter may include mea - quantity . The effect of this aspect is that of improving the 
suring a value of the voltage generated by the electric 25 accuracy of the reference value of the fuel requested quan 
battery , measuring a value of the first parameter , and deter tity which is involved in the learning procedure . 
mining the target value of the second parameter on the basis According to another aspect of the apparatus , the elec 
of the voltage value and of the value of the first parameter . tronic control module is configured to estimate a value of the 
This aspect has the effect of setting a target value of the second parameter on the basis of the voltage value , the 
second parameter which is expected to be compatible with 30 with 30 engine speed value , the value of the first parameter and the 
the current state of charge of the electric battery , and so target value of the second parameter and determine the 

reference value of the fuel requested quantity on the basis of which can be followed by adjusting the first parameter in the the estimated value of the second parameter when calculat closed - control loop . ing the reference value of the fuel requested quantity . According to another aspect of the method , the setting of 35 le seuing 135 Thanks to this aspect , the determination of the reference the target value of the second parameter may include cal value of the fuel requested quantity may be performed 
culating a variation rate of the first parameter over time , culating a variation rate of the Trst parameter over time , according to the conventional strategies based on the F - ter 
decreasing the target value of the second parameter , if the minal signal . 
variation rate of the first parameter is greater than a prede - According to another aspect of the apparatus , the value of 
termined positive threshold value thereof , and increasing the 40 the second parameter may be estimated with the electronic 
target value of the second parameter , if the variation rate of control module by calculating the value FDC est of the second 
the first parameter is smaller than a predetermined negative parameter with the following equation : 
threshold value thereof . This aspect has the effect of allow 
ing a regulation of the target value of the second parameter FDCes = ( LDC - k1 + V « k » ) - kz 
when the target value initially set is not actually compatible 45 wherein : 
with the current state of charge of the battery , so that it LDC is the value of the first parameter ; 
cannot be followed by adjusting the first parameter in the V is the voltage value ; 
closed - loop control . k , and k , are numeric coefficients determined on the basis 

The present solution may be also embodied in the form of of the target value of the second parameter ; and 
a computer program including a computer - code for perform - 50 kz is a numeric coefficient determined on the basis of the 
ing the method described above when run on a computer , or target value of the second parameter and the engine 
in the form of a computer program product including a speed value . 
non - transitory machine readable carrier on which said com - This aspect provides a reliable solution for calculating the 
puter program is stored . In particular , the present disclosure value of the second parameter without a too much compu 
may be embodied in the form of a control apparatus for an 55 tational effort . 
internal combustion engine including an electronic control According to an aspect of the solution , the electronic 
module , a data carrier associated to the electronic control control module may be configured to generate a failure 
module and the computer program stored in the data carrier . signal , if a difference between the estimated value of the 

Another embodiment of the present disclosure provides second parameter and the target value thereof is larger than 
an apparatus for operating an internal combustion engine 60 a predetermined threshold value . This aspect has the effect 
having an electronic control module configured to command of signaling that something went wrong with the estimation , 
a fuel injector of the internal combustion engine to inject a so that this information may be used to abort the learning 
fuel requested quantity , adjust the fuel requested quantity by procedure or to prevent that clearly unreliable results of the 
closed - loop controlling an engine speed to match a target learning procedure can be subsequently used to control the 
value thereof , and measure a value of a first parameter 65 operation of the internal combustion engine . 
indicative of an amount of electrical energy supplied to an According to another aspect of the apparatus , the elec 
electric battery by an electric generator coupled to the tronic control module may be configured to set the target 
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value of the second parameter by obtaining a measurement through a port 220 . In some examples , a cam phaser 155 
value of the voltage generated by the electric battery and a may selectively vary the timing between the camshaft 135 
measurement value of the first parameter , and determining and the crankshaft 145 . 
the target value of the second parameter on the basis of the The air may be distributed to the air intake port ( s ) 210 
voltage value and of the value of the first parameter . This 5 through an intake manifold 200 . An air intake duct 205 may 
aspect has the effect of setting a target value of the second provide air from the ambient environment to the intake 
parameter which is expected to be compatible with the manifold 200 . In other embodiments , a throttle body 330 
current state of charge of the electric battery , and so which may be provided to regulate the flow of air into the manifold 
can be followed by adjusting the first parameter in the 200 . In still other embodiments , a forced air system such as 
closed - control loop . 10 a turbocharger 230 , having a compressor 240 rotationally 

coupled to a turbine 250 , may be provided . Rotation of the According to another aspect of the apparatus , the target compressor 240 increases the pressure and temperature of value of the second parameter may be set by calculating a the air in the duct 205 and manifold 200 . An intercooler 260 variation rate of the first parameter over time , decreasing the disposed in the duct 205 may reduce the temperature of the 
target value of the second parameter , if the variation rate of 15 air . The turbine 250 rotates by receiving exhaust gases from the first parameter is greater than a predetermined positive an exhaust manifold 225 that directs exhaust gases from the 
threshold value thereof , or increasing the target value of the exhaust ports 220 and through a series of vanes prior to 
second parameter , if the variation rate of the first parameter expansion through the turbine 250 . This example shows a 
is smaller than a predetermined negative threshold value variable geometry turbine ( VGT ) with a VGT actuator 290 
thereof . This aspect has the effect of allowing a regulation of 20 arranged to move the vanes to alter the flow of the exhaust 
the target value of the second parameter when the target gases through the turbine 250 . In other embodiments , the 
value initially set is not actually compatible with the current turbocharger 230 may be fixed geometry and / or include a 
state of charge of the battery , so that it cannot be followed waste gate . 
by adjusting the first parameter in the closed - loop control . The exhaust gases exit the turbine 250 and are directed 

25 into an exhaust system 270 . The exhaust system 270 may 
BRIEF DESCRIPTION OF THE DRAWINGS include an exhaust pipe 275 having one or more exhaust 

after treatment devices 280 . The aftertreatment devices 280 
The present disclosure will hereinafter be described in may be any device configured to change the composition of 

conjunction with the following drawing figures , wherein like the exhaust gases . Some examples of after treatment devices 
numerals denote like elements . 30 280 include , but are not limited to , catalytic converters ( two 

FIG . 1 shows an automotive system according to an and three way ) , oxidation catalysts , lean NOx traps , hydro 
embodiment of the disclosure . carbon adsorbers , selective catalytic reduction ( SCR ) sys 

FIG . 2 is a cross - section of an internal combustion engine tems , and particulate filters . Other embodiments may 
belonging to the automotive system of FIG . 1 . include an exhaust gas recirculation ( EGR ) system 300 

FIG . 3 is a flowchart of a method for operating the internal 35 coupled between the exhaust manifold 225 and the intake 
combustion engine according to an embodiment of the manifold 200 . The EGR system 300 may include an EGR 
disclosure . cooler 310 to reduce the temperature of the exhaust gases in 

FIG . 4 is a flowchart of a subroutine involved in the the EGR system 300 . An EGR valve 320 regulates a flow of 
method represented in FIG . 3 . exhaust gases in the EGR system 300 . 

40 The automotive system 100 may further include an elec 
DETAILED DESCRIPTION tronic control module ( ECM ) 450 in communication with 

one or more sensors and / or devices associated with the ICE 
The following detailed description is merely exemplary in 110 . The ECM 450 may receive input signals from various 

nature and is not intended to limit the invention or the sensors configured to generate the signals in proportion to 
application and uses of the invention . Furthermore , there is 45 various physical parameters associated with the ICE 110 . 
no intention to be bound by any theory presented in the The sensors include , but are not limited to , a mass airflow 
preceding background of the invention or the following and temperature sensor 340 , a manifold pressure and tem 
detailed description . perature sensor 350 , a combustion pressure sensor 360 , 
Some embodiments may include an automotive system coolant and oil temperature and level sensors 380 , a fuel rail 

100 ( e . g . a motor vehicle ) , as shown in FIGS . 1 and 2 , that 50 pressure sensor 400 , a cam position sensor 410 , a crank 
includes an internal combustion engine ( ICE ) 110 having an position sensor 420 , exhaust pressure and temperature sen 
engine block 120 defining at least one cylinder 125 having sors 430 , an EGR temperature sensor 440 , and a position 
a piston 140 coupled to rotate a crankshaft 145 . A cylinder sensor 445 of an accelerator pedal 446 . Furthermore , the 
head 130 cooperates with the piston 140 to define a com ECM 450 may generate output signals to various control 
bustion chamber 150 . A fuel and air mixture ( not shown ) is 55 devices that are arranged to control the operation of the ICE 
disposed in the combustion chamber 150 and ignited , result - 110 , including , but not limited to , the fuel injectors 160 , the 
ing in hot expanding exhaust gases causing reciprocal move throttle body 330 , the EGR Valve 320 , the VGT actuator 
ment of the piston 140 . The fuel is provided by at least one 290 , and the cam phaser 155 . In general dashed lines are 
fuel injector 160 and the air through at least one intake port used to indicate communication between the ECM 450 and 
210 . The fuel is provided at high pressure to the fuel injector 60 the various sensors and devices , but some are omitted for 
160 from a fuel rail 170 in fluid communication with a high clarity . 
pressure fuel pump 180 that increases the pressure of the fuel The automotive system 100 may further include an elec 
received from a fuel source 190 . Each of the cylinders 125 tric generator 500 , for instance an alternator , which converts 
has at least two valves 215 , actuated by a camshaft 135 mechanical energy to electrical energy . The electric genera 
rotating in time with the crankshaft 145 . The valves 215 65 tor 500 is mechanically coupled to the crankshaft 145 , in 
selectively allow air into the combustion chamber 150 from order to get the mechanical energy from the ICE 110 . The 
the port 210 and alternately allow exhaust gases to exit electrical energy generated by the electric generator 500 is 
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used to charge an electric battery 505 and to power electric binary data representing said computer program code is 
devices of the automotive system 100 , such as for example impressed on the transitory electromagnetic signal . Such 
the fuel injectors 160 , the ECM 450 and the sensors , when signals are e . g . made use of when transmitting computer 
the ICE 110 is running . On the other hand , the electric program code in a wireless fashion via a wireless connection 
battery 505 stores electrical energy that is used to power a 5 to a laptop . 
starter motor ( not shown ) and other ancillaries , such as In case of a non - transitory computer program product the 
lights , electric motors and various electric devices of the computer program code is embodied in a tangible storage 
automotive system 10X ) , when the ICE 110 is not running . medium . The storage medium is then the non - transitory 
The electric battery 505 may be also used to support the carrier mentioned above , such that the computer program 
electric generator 500 in powering the electric devices of the 10 code is permanently or non - permanently stored in a retriev 
automotive system 100 when the ICE 110 is running . able way in or on this storage medium . The storage medium 

The operation of electric generator 500 may be controlled can be of conventional type known in computer technology 
by the ECM 450 . In particular , the ECM 450 may be such as a flash memory , an Asic , a CD or the like . 
configured to generate a Pulse Width Modulation ( PWM ) Instead of an ECM 450 , the automotive system 100 may 
electric signal , conventionally referred as to L - terminal 15 have a different type of processor to provide the electronic 
signal , whose duty cycle is proportional to an amount of logic , e . g . an embedded controller , an onboard computer , or 
electrical energy that the electric generator 500 has to supply any processing module that might be deployed in the 
to the electric battery 505 in order to charge it . This vehicle . 
L - terminal signal is provided to an electronic control module In order to operate the ICE 110 , the ECM 450 is generally 
510 of the electric generator 500 , which uses the L - terminal 20 configured to command each one of the fuel injectors 160 to 
signal to operate the electric generator 500 and which inject a predetermined fuel requested quantity ( block S100 
generates in its turn another PWM electric signal , conven - of FIG . 3 ) into the corresponding cylinder 140 . 
tionally referred as to F - terminal signal , whose duty - cycle is While the ICE 110 is operating , the ECM 450 may be also 
proportional to an amount of mechanical energy that the ICE configured to execute a learning procedure ( block S105 ) 
110 is supplying to the electric generator 500 to charge the 25 aimed to learn how much the fuel quantity actually injected 
electric battery 505 . In particular , the duty cycle of the by the fuel injector 160 deviates from the fuel requested 
F - terminal signal represents the percentage of the mechani - quantity , particularly when the fuel requested quantity cor 
cal energy generated by the ICE 110 , which is converted by responds to a small quantity ( e . g . the fuel quantity of a pilot 
the electric generator 500 into electrical energy to charge the injection ) . This learning procedure may be executed while 
electric battery 505 . The duty cycle of the F - terminal signal 30 the automotive system 100 is standing still with the ICE 110 
is generally strictly related to the state of charge of the uncoupled to the drivetrain , for example in a factory at the 
electric battery 505 : the lower is the state of charge of the end of the production line or in a garage after that one of the 
electric battery 505 the larger is the duty cycle of the fuel injectors 160 has been replaced . 
F - terminal signal ( and thus the percentage of mechanical As a first step , the learning procedure may provide for the 
energy converted into electrical energy to charge the electric 35 ECM 450 to adjust the fuel requested quantity by controlling 
battery 505 ) and vice versa . The F - terminal signal is fed the engine speed ( i . e . the rotational speed of the crankshaft 
back to the ECM 450 for control purposes as explained 145 ) in a closed - loop control , so that the engine speed 
hereinafter . matches a predetermined target value thereof ( block S110 ) . 

Turning now to the ECM 450 , this apparatus may include In particular , this closed - loop control cycle may provide for 
a digital central processing unit ( CPU ) in communication 40 the ECM 450 to measure a value of the engine speed ( e . g . 
with a memory system and an interface bus . The CPU is by means of the crankshaft position sensor 420 ) , to calculate 
configured to execute instructions stored as a program in the a difference between the measured value of the engine speed 
memory system 460 , and send and receive signals to / from and the target value thereof , and to use such difference as 
the interface bus . The memory system 460 may include input of a controller ( e . g . a proportional controller , a pro 
various storage types including optical storage , magnetic 45 portional - integrative controller or a proportional - integra 
storage , solid state storage , and other non - volatile memory . tive - derivative controller ) that yields as output an adjusted 
The interface bus may be configured to send , receive , and value of the fuel requested quantity that minimizes the 
modulate analog and / or digital signals to / from the various calculated difference . The target value of the engine speed 
sensors and control devices . The program may embody the during the learning procedure may be the idle speed , namely 
methods disclosed herein , allowing the CPU to carryout out 50 the rotational speed that the crankshaft 145 runs on when the 
the steps of such methods and control the ICE 110 . ICE 110 is uncoupled to the drivetrain and the accelerator 

The program stored in the memory system 460 is trans - pedal 446 is completely released . Contemporaneously , the 
mitted from outside via a cable or in a wireless fashion learning procedure may provide for the ECM 450 to set a 
Outside the automotive system 100 it is normally visible as target value FDCtor of the duty - cycle of the F - terminal signal 
a computer program product , which is also called computer 55 ( block S115 ) and then to adjust the duty cycle of the 
readable medium or machine readable medium in the art , L - terminal signal by means of a closed - loop control that 
and which should be understood to be a computer program uses a target value FDCtor of the duty - cycle of the F - terminal 
code residing on a carrier , said carrier being transitory or signal as one of its inputs ( block S120 ) . 
non - transitory in nature with the consequence that the com In particular , this closed - loop control cycle may provide 
puter program product can be regarded to be transitory or 60 for the ECM 450 to measure a value of a feed - back signal 
non - transitory in nature . from the control module 510 of the electric generator 500 
An example of a transitory computer program product is ( wherein the feed - back signal may be OBDII compliant ) , to 

a signal , e . g . an electromagnetic signal such as an optical calculate a difference between the measured value of said 
signal , which is a transitory carrier for the computer program feed - back signal and a target value thereof ( by way of 
code . Carrying such computer program code can be 65 example , the target vale of the feed - back signal may depend 
achieved by modulating the signal by a conventional modu - of the target value FDCtor of the duty - cycle of the F - terminal 
lation technique such as QPSK for digital data , such that signal ) , and to use such difference as input of a controller 
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( e . g . a proportional controller , a proportional - integrative the variation rate VRLdc as a function of such measured 
controller or a proportional - integrative - derivative control values . The variation rate VRLDc of the duty cycle of the 
ler ) that yields as output an adjusted value of the duty cycle L - terminal signal is then compared with a negative threshold 
of the L - signal that minimizes the calculated difference . value VRLDC th and with a positive threshold value 

According to an aspect of the present disclosure , the target 5 VRLDC th thereof ( block S170 ) . 
value FDCtor of the duty cycle of the F - terminal signal may If the variation rate VR , De of the duty cycle of the 
be selected from a set of different values thereof , for L - terminal signal is larger than the positive threshold value 
example from a set of three different values , including a first VR , th , it means that the preliminary target value 
value ( e . g . 35 % ) which is representative of a low state of FDCtor of the duty cycle of the F - terminal signal is too 
charge of the electric batten 505 , a second value ( e . g . 45 % ) 10 high . In this case , the preliminary target value is thus 
which is representative of a middle state of charge of the decreased ( block S175 ) . By way of example , if the prelimi 
electric battery 505 and a third value ( e . g . 55 % ) which is nary target value FDCtors ; was the third value of the set ( e . g . 
representative of a high state of charge of the electric battery 55 % ) , the ECM 450 would decrease it by setting the second 
505 . value of the set ( e . g . 45 % ) as the new target value . Then the 
As better shown in the flowchart of FIG . 4 , the selection 15 check is repeated and the target value possibly corrected 

of the target value FDC tar of the duty cycle of the F - terminal again until reaching the lower value of the set ( e . g . 35 % ) . 
signal may be performed by the ECM 450 in two phases , The aforementioned positive threshold value VRLDC the of 
including a first phase ( block S125 ) in which a preliminary the variation rate of the duty cycle of the L - terminal signal 
target value FDCtar - i of the duty cycle of the F - terminal may be determined with an experimental activity and stored 
signal is selected , and a second phase ( block S130 ) in which 20 in the memory system 460 as a calibration parameter . 
the preliminary target value FDCtor ; may be corrected in If conversely the variation rate VRLDC of the duty cycle 
order to eventually provide a target value FDCto , that better of the L - terminal signal is smaller than the negative thresh 
represents the current state of charge of the electric battery old value VRLDC thi , it means that the preliminary target 
505 . value FDC tari of the duty cycle of the F - terminal signal is 

In greater details , the first phase of the selection may 25 too low . In this case , the preliminary target value FDC tar ; is 
provide for the ECM 450 to measure a value V ; of a voltage thus increased ( block S180 ) . By way of example , if the 
generated by the electric battery 505 ( block S135 ) , to preliminary target value FDCtors was the first value of the 
measure a value LDC ; of the duty cycle of the L - terminal set ( e . g . 35 % ) , the ECM 450 would increase it by setting the 
signal ( block S140 ) , and to select the preliminary target second value of the set ( e . g . 45 % ) as the new target value . 
value FDCtar - of the duty cycle of the F - terminal signal on 30 Then the check is repeated and the target value possibly 
the basis of the measured values of the voltage and of the corrected again until reaching the higher value of the set 
duty cycle of the L - terminal signal . By way of example , the ( e . g . 55 % ) . The aforementioned negative threshold value 
ECM 450 may compare the measured value V , of the voltage VR , DC th of the variation rate of the duty cycle of the 
with a predetermined threshold value Vth thereof ( block L - terminal signal may be determined with an experimental 
S150 ) . If the measured value V ; of the voltage is smaller than 35 activity and stored in the memory system 460 as a calibra 
or equal to the threshold value Vth , the ECM 450 will select tion parameter . 
the preliminary target value of the duty cycle of the F - ter - On the other hand , if ( or when ) the variation rate VRLDC 
minal from a first subset ( block S155 ) of the aforementioned of the duty cycle of the L - terminal signal is included 
values , for example from a subset including only the first between the negative threshold value VRLDC th and the 
value and the second value . If conversely the measured 40 positive threshold value VRLDC th2 thereof , the preliminary 
value V , of the voltage is larger than the threshold value V the target value ( or the last corrected target value ) of the duty 
the ECM 450 will select the preliminary target value of the cycle of the F - terminal signal is eventually set ( block S185 ) 
duty cycle of the F - terminal from a second subset ( block as the final target value FDCtar to be used in the closed - loop 
S160 ) of the aforementioned values , for example from a control for the learning . 
subset including only the second value and the third value . 45 At this point , while the requested fuel quantity is adjusted 

The value V , of the voltage may be measured by means of by closed - loop controlling the engine speed to match the 
a voltmeter ( not shown ) disposed in the electric circuit of the target value thereof , and while the duty cycle of the L - ter 
electric battery 505 . The threshold value Vth of the voltage minal signal is adjusted by the aforementioned closed - loop 
may be determined by means of an experimental activity and control , on the basis of the finally selected target value 
stored in the memory system 460 as a calibration parameter . 50 FDCtor od the duty cycle of the F terminal signal , the 
Once the appropriate subset has been identified , the ECM learning procedure may provide for the ECM 450 to carry 
450 may use the measured value LDC ; of the duty cycle of out the steps detailed hereinafter and indicated in FIG . 3 . 
the L - terminal signal to select which one of the values In a first phase , the ECM 450 may be configured to 
contained in the subset has to be appointed as preliminary measure a value V of the voltage generated by the electric 
target value FDCtor of the duty cycle of the F - terminal 55 battery 505 ( block S190 ) , to measure a value LDC of the 
signal and used as input of the closed - loop control described duty cycle of the L - terminal signal ( block S195 ) and to 
above . The value LDC , of the duty cycle of the L - terminal measure a value ES of the engine speed ( block S200 ) . As 
signal may be measured by means of an oscilloscope ( not explained above , the value V of the voltage may be mea 
shown ) connected to the ECM 450 to receive the L - terminal sured by means of a voltmeter ( not shown ) disposed in the 
signal . 60 electric circuit of the electric battery 505 , the value LDC of 
At this point , the second phase may provide for the ECM the duty cycle of the L - terminal signal may be measured by 

450 to calculate a variation rate VRLDc of the duty cycle of means of an oscilloscope ( not shown ) connected to the ECM 
the L - terminal signal ( block S165 ) as adjusted by the 450 to receive the L - terminal signal , and the value ES of the 
closed - loop - control on the basis of the preliminary target engine speed may be measured by means of the crankshaft 
value FDCtar - i of the duty cycle of the F - terminal signal . In 65 position sensor 420 . All these measurements comply with 
other words , the ECM 450 may measure a plurality of values the requirements of the OBD - II standards , which make them 
of the duty cycle of the L - terminal signal and then calculate robust and reliable . 
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In a second phase , the ECM 450 may be configured to mined offset AFDC , it means that something went wrong 

estimate ( block S205 ) a value FDC est of the duty cycle of the during the estimation . In this case , the learning procedure 
F - terminal signal as a function of the measured value V of may be aborted and the ECM 450 may be configured to 
the voltage , the measured value ES of the engine speed and generate an alert signal indicative of the failure of the 
the measured value LDC of the duty cycle of the L - terminal 5 learning procedure ( block S215 ) . 
signal , taking also into account the finally selected target The learning procedure may also be aborted if the mea 
value FDCtor of the duty cycle of the F - terminal signal . By sured value LDC of the duty cycle of the L - terminal signal 
way of example the estimated value FDC est of the duty cycle becomes smaller than a first threshold value LDCthi or larger 
of the F - terminal signal may be calculated with the follow than a second bigger threshold value LDC , thereof . The 
ing equation : 10 first and second threshold values LDCthi and LDCth2 may be 

determined with an experimental activity and stored in the FDC esz = ( LDC - k , + V « k » ) . kz memory system as calibration parameters . 
wherein : If conversely the modulus of the difference between the 
LDC is the value of the first parameter ; estimated value FDC est of the duty cycle of the F - terminal 
V is the voltage value ; 15 signal and the target value FDCtar thereof is smaller than or 
k and k , are numeric coefficients determined on the basis equal to the predetermined offset , and the measured value 

of the target value of the second parameter ; and LDC of the duty cycle of the L - terminal signal remains 
kz is a numeric coefficient determined on the basis of the included between the first threshold value LDCthi and the 

target value of the second parameter and the engine second threshold value LDCth2 , the learning procedure may 
speed value . 20 provide for the ECM 450 to use the estimated value FDC 

It should be observed that , since all the values involved in to determine a reference value FRQry of the fuel requested 
this estimation are OBD - II compliant , also the estimated quantity ( block S220 ) . The reference value FRQw of the fuel 
value FDC est of the duty cycle of the F - terminal signal requested quantity corresponds to the fuel quantity that 
results OBD - II compliant and is thus robust and reliable would be requested from a nominal fuel injector in order to 
enough to guarantee an high accuracy of the learning 25 bring and keep the engine speed at the target value pre 
procedure . scribed by the learning procedure ( i . e . the idle speed ) . 

The numeric coefficients k? , ky and kz may be determined . There is indeed a strict relation between the fuel requested 
for each one of the target values of the duty cycle of the quantity and the duty cycle of the F - terminal signal . As a 
F - terminal signal that are selectable ( e . g . 35 % , 45 % and matter of fact , considering that the ICE 110 is uncoupled 
55 % ) , by means of an experimental activity that provides for 30 from the drivetrain , the duty cycle of the F - terminal signal 
operating a test ICE under the same conditions of the represents the percentage of the mechanical energy gener 
learning procedure , in particular by adjusting the fuel ated by the fuel combustion which is used to charge the 
requested quantity by closed - loop controlling the engine electric battery 505 , whereas the engine speed is sustained 
speed and by adjusting the duty cycle of the L - terminal only by the remaining percentage . As a consequence , if the 
signal with the closed loop control of the generator that has 35 duty cycle of the F - terminal signal is low , the percentage of 
been explained above . While the test ICE is operating this mechanical energy used to keep the engine speed at the 
way , the experimental activity may provide for measuring target value thereof would be correspondently low , so that a 
corresponding values of the battery voltage , of the engine relatively small fuel requested quantity would be enough to 
speed , of the duty cycle of the L - terminal signal and of the achieve the task ( e . g . 3 mm " ) . On the other hand , if the duty 
duty cycle of the F - terminal signal . This measurement may 40 cycle of the F - terminal signal is high , the percentage of 
be repeated at least three times , in order to be able to solve mechanical energy used to keep the engine speed at the 
a system of three equations of the kind described above , target value thereof would be correspondently high and the 
which yields the tree numeric coefficients kj , k , and kz . fuel requested quantity would be larger ( e . g . 5 mm " ) . 
These coefficients may then be stored in the memory system To determine the reference value FRQru , of the fuel 
460 as calibration parameters . In particular , they may be 45 requested quantity , the ECM 450 may use the estimated 
stored in a map and correlated to the target value of the duty value FDC est of the duty cycle of the F - terminal signal as 
cycle of the F - terminal signal used during the experimental input of a calibration map that yields as output a correspond 
activity . ing value of the fuel requested quantity . 

In this way , in the execution of the learning procedure , the This map may be obtained by means of an experimental 
ECM 450 may retrieve from the map the numeric coeffi - 50 activity that includes the steps of operating a test ICE having 
cients k , and k , that correspond to the selected target value nominal fuel injectors under the condition of the learning 
FDCtor of the duty cycle of the F - terminal signal , as well as procedure and of recording , for different values of the duty 
the numeric coefficient and kz that correspond to the selected cycle of the F - terminal signal , the value of the fuel requested 
target value FDC tar of the duty cycle of the F - terminal signal quantity necessary to bring and keep the engine speed at the 
and to the current engine speed value EN . 55 target value thereof ( i . e . idle speed ) . The map may then be 

Once the value of the duty cycle of the F - terminal signal stored in the memory system 460 . 
has been estimated , the learning procedure may provide for If the estimated value FDCest of the duty cycle of the 
the ECM 450 to calculate a difference between such esti - F - terminal signal is not among those that were tested during 
mated value FDC est and the target value FDC , of the duty the experimental activity , the ECM 450 may calculate the 
cycle of the F - terminal signal and to compare the modulus 60 correspondent reference values FRQr of the fuel requested 
( i . e . the absolute value ) of such difference with a predeter - quantity as an interpolation of the reference values that 
mined offset AFDC ( block S210 ) . The offset AFDC may be correspond to the nearest tested values of the duty cycle of 
determined with an experimental activity and stored in the the F - terminal signal . 
memory system as a calibration parameter . In the meantime , the learning procedure may provide for 

If the modulus of the difference between the estimated 65 the ECM 450 to get an actual value FRQ of the fuel 
value FDCest of the duty cycle of the F - terminal signal and requested quantity ( block S225 ) . Since the fuel requested 
the target value FDCtar thereof is larger than the predeter quantity is a parameter which is generated by the ECM 450 
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in accordance with the closed - loop control of the engine adjusting the first parameter by closed - loop controlling 
speed , the actual value FRQ of the fuel requested quantity is the second parameter to match the target value thereof ; 
generally available for the ECM 450 . calculating a reference value of the fuel requested quan 
At this point , the learning procedure may provide for the tity on the basis of the voltage value , the engine speed 

ECM 450 to calculate a difference A ( block S230 ) between 5 value and the value of the first parameter , wherein the 
the actual value of the fuel requested quantity and the target value of the second parameter is used for the 
reference value thereof : calculation of the reference value of the fuel requested 

A = FRQ - FRQry quantity ; 
calculating a difference between the value of the adjusted 

This difference A , which represents how much the fuel 10 fuel requested quantity and the reference value ; and 
quantity injected by the real fuel injector 160 deviates from using the calculated difference to control the operation of 
the fuel quantity injected by the nominal fuel injector , may the internal combustion engine , 
be stored in the memory system to be used to control the wherein setting the target value of the second parameter 
operation of the ICE 110 outside of the learning procedure comprises : 
( block S235 ) . calculating a variation rate of the first parameter over 

In particular , outside of the learning procedure ( namely time ; 
when the learning procedure is not executed ) , the ECM 450 decreasing the target value of the second parameter 
may be configured to determine the fuel requested quantity when the variation rate of the first parameter is 
according to an open - loop control strategy based on control greater than a predetermined positive threshold value 
parameters such as the engine torque requested by the driver 20 thereof ; and 
through the accelerator pedal 446 , or based on other logics . increasing the target value of the second parameter 
In other words , the values of the fuel requested quantity are when the variation rate of the first parameter is 
determined in a pre - defined way ( e . g . by means of math smaller than a predetermined negative threshold 
ematical models , map or the like ) as a function of , or on the value thereof . 
basis of , the aforementioned parameters or logic , without 25 2 . The method according to claim 1 , wherein the calcu 
any feedback on how the fuel injector 160 actually reacts . lation of the reference value of the fuel requested quantity 
Since the open - loop control strategy is generally calibrated comprises : 
on the nominal fuel injector , the values of the requested fuel estimating a value of the second parameter on the basis of 
quantity provided by this strategy may lead the fuel injector the voltage value , the engine speed value , the value of 
160 to inject a quantity of fuel which is different from the 30 the first parameter and the target value of the second 
requested one . To reduce this gap , especially when small parameter ; and 
fuel injections are involved ( e . g . pilot injection ) , the values determining the reference value of the fuel requested 
of the requested fuel quantity yielded by the open - loop quantity on the basis of the estimated value of the 
control strategy may be corrected with ( e . g . added to ) the second parameter . 
difference A calculated during the learning procedure dis - 35 3 . The method according to claim 2 , further comprising 
closed above . generating a failure signal when a difference between the 
While at least one exemplary embodiment has been estimated value of the second parameter and the target value 

presented in the foregoing detailed description , it should be thereof is larger than a predetermined threshold . 
appreciated that a vast number of variations exist . It should 4 . The method according to claim 1 , wherein setting the 
also be appreciated that the exemplary embodiment or 40 target value of the second parameter comprises : 
exemplary embodiments are only examples , and are not measuring a value of the voltage generated by the electric 
intended to limit the scope , applicability , or configuration of 
the invention in any way . Rather , the foregoing detailed measuring a value of the first parameter ; 
description will provide those skilled in the art with a determining the target value of the second parameter on 
convenient road map for implementing an exemplary 45 the basis of the voltage value and of the value of the 
embodiment , it being understood that various changes may first parameter . 
be made in the function and arrangement of elements 5 . A non - transitory computer readable medium compris 
described in an exemplary embodiment without departing ing a computer program having programmed instructions for 
from the scope of the invention as set forth in the appended performing the method according to claim 1 when executed 
claims and their legal equivalents . 50 on a computer . 
What is claimed is : 6 . A control apparatus for an internal combustion engine , 
1 . A method of operating an internal combustion engine comprising an electronic control module , a memory store 

comprising : associated to the electronic control module and the computer 
commanding a fuel injector of the internal combustion program of claim 5 stored in the memory store . 

engine to inject a fuel requested quantity ; 7 . A method of operating an internal combustion engine 
adjusting the fuel requested quantity by closed - loop con comprising : 

trolling an engine speed to match a target value thereof ; commanding a fuel injector of the internal combustion 
measuring a value of a first parameter indicative of an engine to inject a fuel requested quantity ; 

amount of electrical energy supplied to an electric adjusting the fuel requested quantity by closed - loop con 
battery by an electric generator operably coupled to the 60 trolling an engine speed to match a target value thereof ; 
internal combustion engine ; measuring a value of a first parameter indicative of an 

measuring a voltage value of a voltage generated by the amount of electrical energy supplied to an electric 
electric battery ; battery by an electric generator operably coupled to the 

measuring a speed value of the engine speed ; internal combustion engine ; 
setting a target value of a second parameter indicative of 65 measuring a voltage value of a voltage generated by the 

an amount of mechanical energy supplied by the inter electric battery ; 
nal combustion engine to the electric generator ; measuring a speed value of the engine speed ; 

battery ; 

55 
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calculating a reference value of the fuel requested quan estimating a value of the second parameter on the basis 
tity on the basis of the voltage value , the engine speed of the voltage value , the engine speed value , the 
value and the value of the first parameter , wherein the value of the first parameter and the target value of the 
calculating comprises : second parameter ; and 
setting a target value of a second parameter indicative 5 determining the reference value of the fuel requested 

of an amount of mechanical energy supplied by the quantity on the basis of the estimated value of the 
second parameter ; internal combustion engine to the electric generator ; wherein estimation of the value of the second parameter adjusting the first parameter by closed - loop controlling comprises calculating the value FDC est of the second 

the second parameter to match the target value 10 parameter with the following equation : 
thereof ; and FDC = ( LDC - kz + V kz ) . kz 

using the target value of the second parameter for the wherein : 
calculation of the reference value of the fuel LDC is the value of the first parameter ; requested quantity ; V is the voltage value ; 

calculating a difference between the value of the adjusted 15 k , and k , are numeric coefficients determined on the basis 
fuel requested quantity and the reference value ; and of the target value of the second parameter ; and 

using the calculated difference to control the operation of kz is a numeric coefficient determined on the basis of the 
the internal combustion engine , target value of the second parameter and the engine 

wherein the calculation of the reference value of the fuel speed value . 
requested quantity comprises : * * * * * 


